INTRODUCTION
The wiring of commissural neurons in the developing spinal cord is central to the development of bilateral symmetry. Commissural neurons extend axons dorsoventrally in the spinal cord that eventually cross over the midline to establish this symmetry (Ché dotal, 2014) . During this process, axon guidance cues, particularly the prototypical cue molecule Netrin-1, direct the growth cone situated at the tip of the axon from the roof plate toward the floor plate. Once it reaches the floor plate, the axon turns to cross the midline. Recent data appear to demonstrate that Netrin-1 derived from neural progenitors within the ventricular zone provides an adhesive axon growth substrate to guide axons through haptotaxis, and to promote axon fasciculation (Dominici et al., 2017; Varadarajan et al., 2017) . Structural investigations have identified three separate receptor-binding sites on the Netrin-1 molecule at its N-terminal laminin and three following EGF domains (Finci et al., 2014; Grandin et al., 2016; Xu et al., 2014) . These sites are used as a platform for Netrin-1 to engage several receptors to trigger a diverse set of signals that can determine axon navigation trajectory or cell fate. When Netrin-1 binds two DCC receptors, the homo-dimerization process has been linked to chemo-attraction of an axon (Finci et al., 2014; Kennedy et al., 1994) . When DCC is co-expressed with UNC5, the Netrin-1-mediated hetero-dimerization of DCC-UNC5 turns the axon response to the opposite effect, namely chemo-repulsion (Finci et al., 2014) . Furthermore, it has been shown that when a migrating cell is depleted of Netrin-1, and DCC clustering is prevented, apoptosis might ensue (Grandin et al., 2016; Krimpenfort et al., 2012; Mehlen et al., 1998) .
The guidance cue Draxin (dorsal repulsive axon guidance protein) was characterized as a repulsive cue that prevents axons from misprojecting before midline crossing (Islam et al., 2009) . Draxin knockout mice showed defects in fasciculation as well, indicating Draxin has an effect on axonal adhesion between pioneering and follower axons. In this context, Draxin was shown to interact with DCC present on the growth cone of the axon (Ahmed et al., 2011; Meli et al., 2015) . Interestingly, a high-throughput screen for axon guidance cues and receptors present at the ventral midline revealed that Netrin-1 and Draxin bind directly to each other as well (Gao et al., 2015) .
To date, it is not clear how Netrin-1 and Draxin coordinate to affect axon fasciculation and guidance. Cell binding assays indicated Draxin binds DCC at the N-terminal, membrane-distal region containing four immunoglobulin (Ig) domains (Ahmed et al., 2011) . These domains form a horseshoe-shaped platform, which is common among neuronal Ig superfamily receptors (Chen et al., 2013) . In contrast, Netrin-1 binds the DCC receptor on the membrane-proximal fibronectin (FN) domains FN4 and FN5-FN6, separate from where Draxin binding occurs ( Figure 1A ). Here, we present a structural characterization of Draxin itself and crystal structures of Draxin in complex with a fragment of DCC as well as with Netrin-1. We show that Draxin is largely unstructured, but that it uses a small C-terminal domain (Draxin-C) to bind DCC N-terminal Ig domains and an upstream conserved peptide motif (Draxin-22) to bind Netrin-1. Together with complementary biophysical experiments, we untangle the interactions between Draxin, Netrin-1, and DCC. We propose that Draxin facilitates Netrin-1 to act as a hub for receptors that switch between cis interactions involving the same axon, and trans interactions involving other axons or cellular substrates, to facilitate axonal adhesion and fasciculation.
RESULTS

Draxin Contains a Small Cysteine Knot Domain that Binds DCC
Draxin is predicted to consist of a signal peptide for secretion, an unstructured region covering residues 25 to 245, and a C-terminal domain (Figures 1A, S1, and S2). The folding properties of freshly purified human Draxin (hDraxin) expressed in HEK293T cells were tested by small angle X-ray scattering (SAXS; Figure 1B ). The derived SAXS parameters suggest that in solution hDraxin is predominantly monomeric (Table  S1 ). Ensemble analysis of the SAXS data ( Figure S3A ) shows a bi-modal size distribution, indicating that folded and unfolded states of the N-terminal part of hDraxin co-exist in solution. To identify which region of Draxin interacts with DCC, we attempted co-crystallization between full-length rat Draxin (rDraxin) and a fragment of the rat DCC receptor consisting of Ig domains 1 to 4 (rDCC Ig1-Ig4 ), since Draxin binding was found to involve the N-terminal four domains of DCC (Ahmed et al., 2011) .
A crystal structure was determined by molecular replacement using the known DCC Ig1-Ig4 structure at 2.5 Å resolution (Figures 1C, S4A, and S4B) . In the refined structure, a fragment of rDraxin consisting of the C-terminal region that extends from Gly264 to Pro329 can be built. The electron density for this rDraxin-C domain is continuous for residues Gly264 to Ala311 and Arg317 to Pro329 with weak density linking Ala311 to Arg317. All residues that form an interface with the DCC molecule are well defined in the electron density. When the crystals are dissolved and analyzed by SDS-PAGE, it appears the full-length rDraxin molecule is present in the crystal ( Figure S3B ). The solvent content for a full-length rDraxin/DCCIg1-Ig4 co-crystal is 60%, which gives enough space to accommodate the large portion of the disordered remainder of the rDraxin molecule, which is not visible in the electron density map.
In the structure of the rDraxin-C/DCC Ig1-Ig4 complex, rDraxin-C essentially binds to the Ig4 domain of DCC. Two loops extend out from rDraxin-C, clamping at the CD loop of the Ig4 domain of DCC like a lobster grabbing her prey ( Figure 2 ). The rDraxin-C structure consists of two sub-domains we have designated Claw1 (residues Gly264 to Asn290) and Claw2 (residues Arg291 to Pro329) of the lobster, which are kept together by a disulfide bond between Cys278 and Cys301. Each subdomain contains two finger-shaped loops that are kept together by disulfide bonds, a configuration that is typical for a cysteine knot domain. The topology of rDraxin-C is similar to the C-terminal region of the Dickkopf (DKK) protein that is involved in Wnt signaling (Cheng et al., 2011; Mao et al., 2001) . Superposition of the rDraxin-C structure with DKK shows that the overall domain architectures are quite similar ( Figure S3C ). The disulfide bond pattern in the rDraxin-C and DKK structures is identical ( Figure S3D ).
When the two claws of rDraxin-C pinch the rDCC Ig4 domain around the CD loop (Figure 2A ), Claw1 clamps the CD loop at the bottom of rDCC Ig4 , whereas Claw2, a much larger loop, reaches the top of rDCC Ig4 . A total of eleven hydrogen bonds, largely arginine mediated, are formed between rDraxin-C and rDCC Ig1-Ig4 , which warrant binding specificity (Lo Conte et al., 1999) . Notably, the only contacts between rDraxin-C and the rDCC Ig1-Ig4 horseshoe outside of the Ig4 domain are two hydrogen bonds from rDraxin-C to the Ig1 domain of rDCC . There are also extensive hydrophobic interactions between the two binding partners to ensure binding affinity (Figure 2B) . In particular, Ile372 DCC is the most significant one, protruding out from this CD loop to be surrounded (anti-clockwise in Figure 2B ) by Phe298 Draxin , Met302 Draxin , the disulfide pair Cys278 Draxin -Cys301 Draxin , His270 Draxin , and Leu281 Draxin , which might be the energetic ''hot spot.''
To verify the contributions of the individual residues in the binding interface between rDCC Ig1-Ig4 and rDraxin-C, we performed mutagenesis on full-length rDraxin and tested binding to COS cells expressing full-length wild-type DCC on the cell surface ( Figure 2C ). The residue Arg282 Draxin situated on Claw1 seems to be involved in several interactions with DCC Ig4 . A charge-reversal mutant (Arg282Asp) abolishes binding of rDraxin to DCC, whereas an Arg282Ala mutant seems to have little effect ( Figure 2C ). Mutants of residue Arg322 Draxin present on Claw2 of rDraxin were also tested for binding to DCC presented on COS cells. Replacement of the side chain of Arg322 Draxin with alanine or aspartate leads to a drastic reduction in binding.
Crystal Structure of a Human Draxin/Netrin-1 Complex
Just upstream of the rDraxin-C domain ( Figure S1 ), there is a conserved region of 22 amino acids that interacts with Netrin-1 ( Figure 1A ; Gao et al., 2015) . A crystal structure was determined of a fragment of human Netrin-1 (hNetrin-1) consisting of the laminin and three EGF domains (residues 22 to 455) in complex with a human Draxin peptide with a length of 22 amino acids (hDraxin-22) corresponding to the region from Gly222 to Pro243 ( Figures 3A and S4C ).
In the hDraxin/hNetrin-1 complex, the hDraxin-22 peptide is bound to the EGF-3 domain of Netrin-1 in an extended hooklike fashion, perpendicular to the long axis of the rigid rod-like shape of the Netrin-1 molecule. The key feature of the hDraxin/ hNetrin-1 complex structure is that there are two cavities on the EGF-3 domain of hNetrin-1 that are filled by the hydrophobic side chains of residues Leu228 Draxin and Phe233 Draxin of the hDraxin-22 peptide ( Figure 3B ). These residues are positioned to point into the cavity and are stabilized by a network of specific hydrogen bonds between the hDraxin-22 peptide and hNetrin-1 residues as well as intra-Draxin hydrogen bonds.
Previously, it was shown that Draxin interferes with Netrin-1 binding to DCC, and that this effect is localized in the 22 aa Draxin fragment (Gao et al., 2015) . The structure reveals that the hDraxin-22 peptide binds hNetrin-1 at the same location as the FN5 domain of DCC. The binding epitopes overlap to a large extent ( Figure 3C ), surrounding the two cavities formed on the EGF-3 domain of Netrin-1. The FN5 domain of DCC employs b strands A and G to position Val848 DCC and Met933 DCC to fill the EGF-3 domain cavities of Netrin-1 (Finci et al., 2014; Xu et al., 2014) . The hDraxin-22 peptide uses a hydrogen bonding network to align Phe233 Draxin in the same position as Val848 DCC from DCC, and Leu228 Draxin in the same position as Met933 DCC . It is interesting to note that in the Netrin-1/DCC structure, the Netrin-1 residue Q433 netrin forms two hydrogen bonds to the main chain of DCC, facilitating the hotspot binding to Val848 DCC and Met933 DCC (Finci et al., 2014) . In the structure of hNetrin-1/ hDraxin-22, the same Q433 netrin forms two hydrogen bonds to the main chain of Draxin to orient Phe233 Draxin and Leu228 Draxin for binding. The buried surface area is very similar between the Draxin/Netrin-1 interface (605 Å 2 ) and the Netrin-1/DCC (C) Cell-binding assays for full-length wild-type (WT) rDCC showing the percentage of DCC presenting HEK293Tcells that bind rDraxin WT and mutants Arg282Ala, Arg282Asp, Arg322Ala, and Arg322Asp. As a control, eGFP and PBS were used. Data represent mean ± SE (n = 100 for each group). One-way ANOVA, followed by a post hoc Scheffé 's test, was performed. **p < 0.001 compared with WT.
interface (609 Å 2 ). Similarly, the surface complementarity values between the Draxin/Netrin-1 interface (0.67) and the Netrin-1/ DCC interface (0.66) are comparable. Since there does not seem to occur any refolding of the hDraxin-22 peptide upon binding to Netrin-1, we speculate that solvation-related energy effects are the main determinant in the relatively strong binding of Draxin to Netrin-1 (Kd = 10 nM; Gao et al., 2015) compared to DCC (estimated Kd for the Fn5 domain alone is 5 mM; Xu et al., 2014) .
Binding Assays Confirm Draxin Binding to Netrin-1 Occurs Only through the EGF-3 Domain To validate the contribution of the individual Draxin residues to Netrin-1 binding, AVEXIS assays were performed (Bushell et al., 2008) with full-length hDraxin (Gao et al., 2015) . Based on the crystal structure presented here, point mutations were introduced in the region of Draxin that interacts with Netrin-1. Mutagenesis of Phe233 Draxin to alanine leads to a reduction in Netrin-1 binding, whereas a Phe233Arg Draxin mutant completely abolishes binding ( Figure 3E ). Importantly, mutagenesis of Leu228 Draxin has an even stronger effect because the Leu228Ala Draxin mutant is sufficient to disrupt interaction with Netrin-1. This confirms that the residue Leu228 Draxin , which fills the pocket at the EGF3 domain of Netrin-1, is most crucial for binding, just like Met933 DCC , which occupies the same pocket in the Netrin-1/DCC interaction. The observation that single point mutants within the region of Draxin identified to bind the EGF-3 domain of Netrin-1 in the crystal structure can disrupt binding between Draxin and Netrin-1 confirms that this is the only mode of interaction between these guidance cues, despite the intrinsically disordered properties of Draxin.
DISCUSSION
The crossing of the midline by commissural axons in the developing spinal cord of vertebrae involves an intricate combination of guidance cues, including Draxin and Netrin-1 (Dudanova and Klein, 2013). Although Draxin was identified as a repulsive guidance cue based on its in vitro activities, the main phenotype observed in Draxin knockout mice is defasciculation. Draxin seems to facilitate the bundling of axons together, and its absence leads to the straying of individual commissural axons. Here we provide structural evidence that Draxin interacts both with Netrin-1 and DCC. Draxin binds to (C) A comparison between the residues of Netrin-1 involved in Draxin and DCC binding using a surface representation of Netrin-1 site 1 located at the EGF3 domain (in cyan). The residues interacting only with Draxin are colored in pink, only with DCC are colored in olive, and with both Draxin and DCC are colored in deep salmon. These residues form a hydrophobic cavity at site 1, surrounding residue Val429 of Netrin. (D) Comparison of the crucial residues involved in Netrin-1 binding for Draxin (Leu228 and Phe233) and DCC (Met933 and Val848). (E) AVEXIS binding results for Netrin/WT and mutant Draxin interactions. Human Netrin-1 WT bait protein (VI+V) interacts with Draxin full-length prey proteins with indicated mutations. Matn-4 bait used as the internal positive control; conditioned medium as the negative control. The A486 nm values correspond to the average of three repeats, error bars represent mean ± SD, and results were confirmed in two independent experiments. the horseshoe-shaped N-terminal Ig domains of DCC, distant from the cell membrane. The crystal structure of the C-terminal region of Draxin in complex with rDCC Ig1-Ig4 reveals a relatively weak binding site, which is verified with structure-derived mutants of Draxin in cell-based binding studies. Draxin also contains a Netrin-1 binding site, just 20 amino acids N-terminal to Draxin-C, the DCC binding domain. It covers a 22-residue region that is evolutionary conserved, but is intrinsically unstructured. The crystal structure of hNetrin-1 in complex with an hDraxin-22 peptide illustrates how Draxin binds to Netrin-1. Strikingly, Draxin binds to Netrin-1 on the EGF-3 domain of Netrin-1, involving the same region that constitutes binding site 1 for DCC. Draxin outcompetes DCC for binding to Netrin-1 on site 1, based on kinetics experiments (Gao et al., 2015; Xu et al., 2014) . From the binding configurations between Draxin, DCC, and Netrin-1, it is possible to suggest a model for how Draxin promotes axon fasciculation (Figure 4) . The close proximity of the DCC and Netrin-1 binding sites on Draxin enables Draxin to capture Netrin-1 molecules on the tip of DCC, away from the cell membrane of the axon. The relatively strong Draxin/Netrin-1 complex can build a bridge between two axons decorated with DCC, initiating adhesion and therefore fasciculation between the axons.
The classical model for Netrin/DCC clustering suggests that two DCC receptor ectodomains are paired by a Netrin-1 molecule, triggering the dimerization of the cytosolic domains of DCC (Finci et al., 2014; Stein et al., 2001) . This dimerization will then lead to the formation of a supramolecular complex around the cytosolic domains of DCC (Lai Wing Sun et al., 2011) . Surprisingly, structural studies on Netrin/DCC revealed three separate binding sites for DCC on Netrin-1 (Finci et al., 2015; Xu et al., 2014) , which indicates that the pairing of DCC and other Netrin receptors is more complex. One of the binding sites (site 2) can alternatively bind DCC and UNC5, which leads to a switch from chemo-attraction to chemo-repulsion (Finci et al., 2015; Grandin et al., 2016) . Now we show that another binding site (site 1) can alternatively bind DCC and Draxin. The multivalent interactions between Netrin-1 and DCC, modulated by other receptors and soluble factors such as Draxin, may be involved in the movement of the axon along a substrate-bound Netrin-1 gradient (Dominici et al., 2017; Varadarajan et al., 2017) , implying that axon guidance is a more complex process than was previously thought. The exploration of the mechanistic principals underlying this key neuronal developmental process seems to enter an exciting phase.
The structural details presented here may provide general insights into the mode of action of neuronal receptors containing Ig and fibronectin domains that act as beads on a string. For instance, it was recently shown that DSCAM interacts with guidance cues Slit and Netrin-1 (Dascenco et al., 2015; Liu et al., 2009 ). Similar to Draxin/DCC, Slit binds to the horseshoe-shaped N-terminal region of DSCAM (Dascenco et al., 2015) . As these neuronal receptors show great conformational flexibility, they allow different guidance cues that are bound to different regions of the receptor to engage each other. This may lead to an intricate network of interactions that are concentration dependent in a spatiotemporal fashion, governed by the gradients of the guidance cues. In parallel, associate guidance cues like Draxin and Dickkopf may act as recruiters that link different guidance cue systems together. In fact, Draxin has been shown to bind to LRP6, a receptor in the canonical Wnt pathway (Miyake et al., 2009) . Draxin could therefore link Netrin-1-mediated dorsal-ventral axon guidance with Wnt-mediated anterior-posterior axon guidance. Further investigations into these molecular handshakes will reveal further complexities in axon guidance and cell migration.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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AVEXIS assays
A construct of codon optimized human Netrin-1 (VI+V) (with the pregnancy-specific glycoprotein-1 secretion signal peptide; Finci et al., 2014) and full length human Draxin (Gao et al., 2015) were cloned into AVEXIS prey and bait vectors (Addgene plasmid #36148, #36149). A mutagenesis kit (Agilent Techologies 200521) was used to produce Draxin mutants. All recombinant proteins were expressed in HEK293F (Thermo Fisher R79007) cells via PEI mediated transient transfection. The recombinant hNetrin-1 protein was harvested 3 days post transfection, hDraxin was harvested between day 3 and day 6 after transfection. The AVEXIS assay was performed as previous described (Gao et al., 2015) . Zebrafish Matrillin4 (Matn4) was used as the internal control to monitor prey protein concentrations. This protein binds to the pentamerization region (Cartiliage Oligomeric Martix Protein, COMP) (Mann et al., 2004) of the prey protein. The absorbance values were measured using a spectrophotometer (Tecan, Infinite M1000).
rDCC/rDraxin binding assay HEK293T cells were transfected with full-length wild-type or mutant rDCC constructs by PEI at 50% confluence. After 24 hours, wild-type rDraxin-Flag (10 mg/ml) was added to the culture medium. After 2 hours' incubation, the medium was removed and cells were washed 5 times by PBS and fixed for immunostaining with FLAG (Cell signaling, 3916S) antibody.
Statistical analysis
Statistics were done using GraphPad Prism software. Student's t test was performed for the cell binding and AVEXIS assays. (***) p < 0.001; (**) p < 0.01; (*) p < 0.05.
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